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PHYSIOLOGIC LOW STRESS ANGIOPLASTY 

Field of the Invention 
This invention relates to balloon catheters 
and similar devices useful to apply heat within a 
5 patient's body, e.g. for angioplasty, hyperthermal 
treatment of tumors, and other medical procedures. 
Background of the Invention 
Stenoses in body lumens are often treated by 
balloon catheter dilatation, sometimes followed or 
10 accompanied by the application of heat. A balloon at 
the end of a catheter is positioned at the obstruction 
(in a blood vessel, typically plaque) and inflated. 
The pressure of the balloon against the wall of the 
lumen or obstructing material supplies a force to 
. 15 widen the lumen. A problem that sometimes occurs with 
dilatation is damage to the lumen tissue or 
reocclusion because of reaction of the lumen tissue to 
the dilatation. An example is intimal hyperplasia. 
Also, plague material in arteries sometimes fractures 
20 or cracks under pressure of the angioplasty balloon, 
leaving rough surfaces that encourage further 
deposits, thrombosis and reocclusion. 

Summary of the Invention 
It is an object of the present invention to 
25 provide an improved apparatus and method for the 
treatment of stenoses in internal body lumens by use 
of pressure and heat in a novel way that can help to 
overcome these and other problems. 

The invention features a system for dilation 
30 of a body lumen and a method of using the system, 
employing an expandable dilatation catheter 
constructed to simultaneously heat and apply pressure 
to the tissue of the lumen and to expand and dilate 
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the lumen, and means constructed to detect 
physiological response of the heated tissue to applied 
pressure. The means includes catheter control means 
responsive to the detected behavior of the tissue to 
5 control the catheter. Preferred embodiments have 
the following features. The means to detect 
physiological response is constructed to detect 
yielding behavior of the heated lumen tissue contacted 
by the catheter, and the catheter control means is 
10 responsive thereto. The means to detect physiological 
response is constructed to detect change in the heat 
transfer characteristic of the tissue contacted by the 
catheter and the catheter control means is responsive 
thereto. Means are provided to prevent contraction of 
15 the catheter during cooling of the lumen tissue 
following heating. 

The catheter control means includes a 
microprocessor and is arranged to receive feedbacks 
indicative of temperature and pressure applied by the 
20 catheter, the control means adapted to regulate 
heating and pressure applied by the catheter on the 
basis of the feedbacks and an algorithm implemented by 
the microprocessor. 

A timing means is provided, constructed and 
25 arranged to provide timing of the duration of the 
dilatation based upon the physiological response to 
the heat and applied pressure. 

Preferred embodiments also have the following 
features. A catheter is employed that is constructed 
30 to heat the lumen tissue by conductive heat transfer 
through a wall of the catheter exposed to the lumen 
tissue. The catheter is a balloon catheter fillable 
with an electrically conductive liquid and the 
associated heating means for producing the heat 
35 comprises rf electrodes within the balloon and means 
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to apply rf energy thereto in a manner to heat the 
liquid by I 2 R losses. The catheter is a fluid 
inflatable catheter, and the catheter control means is 
an inflation control means. A means to detect 
5 physiological response comprises a pressure sensor 
constructed and arranged to sense the fluid pressure 
in the catheter and detect reduction in the pressure 
that results due to pressure-responsive yielding 
behavior of the heated lumen tissue, the catheter 
10 control means being responsive to the detected change 
in pressure, to increase the volume of inflation of 
the catheter. Alternatively, a means to detect 
physiological response includes a volume sensor 
indicating change in the inflated volume of the 
15 inflatable catheter. 

The inflation control means includes a servo 
motor-driven syringe pump, preferably including a 
position transducer for measuring the displacement of 
the syringe pump, thereby to indicate the volume of 
20 the inflatable catheter. Means are associated with 
the inflatable catheter to prevent deflation of the 
catheter during cooling of the lumen tissue following 
heating, preferably the means to prevent deflation 
being a fluid check valve. The inflatable catheter 
25 includes means for measuring the temperature of fluid 
within the inflatable catheter. 

Also, preferred embodiments have the 
following features. The catheter control means 
comprises a controller constructed to receive signals 
30 indicative of the pressure or volume and the 

temperature of the inflatable catheter, the controller 
constructed to control the inflation and temperature 
in response to the signals, for further treatment. 

The system includes display means to provide 
35 a read-out indicative of the physiological response of 
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the tissue under treatment. The read-out indicates 
pressure applied by the catheter, heating by the 
catheter and volume of the catheter. 

In another aspect of the invention, a system 
5 for dilation of a body lumen is provided comprising an 
inflatable dilatation ballon catheter and associated 
heating means arranged to simultaneously apply 
pressure to the tissue and heat via conductive heat 
transfer from the balloon to lumen tissue, and means 
10 constructed to detect physiological response of the 
heated tissue to applied pressure* The means 
including catheter control means responsive to the 
detected behavior of the tissue to control the 
catheter. 

15 Preferred embodiments of this aspect of the 

invention have the following features. The catheter 
control means is adapted to increase the inflation of 
the balloon in reaction to detected yielding behavior 
of the lumen tissue contacted by the catheter. The 

20 means to detect physiological response is constructed 
to detect change in the heat transfer characteristic 
of the lumen tissue and to reduce the heating on the 
basis of such detected change. The catheter control 
means comprises a controller under control of a 

25 programmed microprocessor. The program of the 

microprocessor is adapted to increase an inflation set 
point of an inflation pressure controller in reaction 
to feedback from the catheter indicating yielding 
behavior of the heated lumen tissue. The 

30 microprocessor is programmed to produce heating of 
lumen tissue at a pressure below normal dilatation 
pressure. 

In the method for dilation of a body lumen 
employing the system just described a number of 
35 features are preferred. The method is used to remodel 
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a lumen. The method is used for angioplasty. A step 
of the procedure is terminated after a measured period 
from the time of detection of a physiological 
response. Timing means are employed, constructed and 
5 arranged to provide timing of the duration of the 
dilatation based upon the physiological response to 
the heat and applied pressure. The initial 
temperature of heating is between about 50 °c and 70 °C. 
The catheter is a balloon catheter filled with liquid 
10 and the wall of said lumen is heated by heating the 
liquid, with heat transfer by conduction from the 
liquid across the wall thickness of the balloon to the 
tissue of the wall with which the balloon is engaged. 

The liquid within the balloon is electrically 
15 conductive and the liquid is heated by I 2 R losses as a 
result of radio frequency electric currents applied to 
the liquid. 

In another aspect, the invention features a 
method of angioplasty, in whicha catheter is provided 

20 having a liquid-expansible dilatation balloon and 
means for controllably providing heated liquid within 
the balloon to enable conductive heat transfer from 
the heated liquid, through the wall of the balloon. 
The catheter is inserted into a region of a blood 

25 vessel narrowed by plaque or stenotic tissue, and the 
balloon is inflated to an initial subdilatation 
pressure sufficient to cause the balloon to engage the 
wall surface of the narrowed vessel in a conductive 
heat transfer relationship without substantially 

30 displacing the wall of the vessel. The temperature of 
the engaged vessel wall is increased by conductive 
heat transfer from heated liquid within the balloon 
while controlling the inflating pressure, the 
temperature of the liquid within the balloon and the 
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duration of treatment to cause a physiological 
response in which the heated wall of the vessel yields 
to said pressure of said dilitation balloon as a 
result of softening of the wall produced by conductive 
5 heat transfer. Dilatation of the vessel can thus 
occur under relatively low stress conditions. 

In preferred embodiments, the pressure in the 
balloon is about 2 atmospheres or less. Controlling 
comprises maintaining the temperature in the range of 

10 about 60° to 65°C. The subdilatation pressure is 
initially maintained such that the flow of blood is 
substantially blocked but without widening the vessel 
visibly to the naked eye when observing the vessel by 
fluoroscopy. The initially maintained subdilatation 

15 pressure is such that the vessel does not widen by 
more than about 10%. 

In preferred embodiments, the method includes 
maintaining inflation of the balloon while reducing 
the temperature of the balloon after dilatation of the 

20 vessel. Increasing the balloon temperature to a final 
temperature between 50 °C and 70 °C within about 10 to 
15 seconds of the inflation to the subdilatation 
pressure, and holding the final temperature for about 
up to about 60 seconds. Thereafter, the balloon 

25 temperature is reduced while maintaining the inflation 
by terminating the heating of the fluid and allowing 
the balloon to cool for about 15 to 30 seconds. The 
inflation pressure is controlled to prevent exceeding 
the subdilatation pressure. 

30 In preferred embodiments the progress of the 

angioplasty is monitored, and the temperature, 
pressure or duration of treatment is controlled in 
response to the rate of change in the diameter of the 
vessel. The pressure, temperature of the balloon or 

35 duration of treatment is reduced if a rapid change in 
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the diameter of the vessel indicative of cracking of 
the substance of the vessel wall occurs. The 
pressure, temperature or duration of treatment is 
reduced if the diameter of the vessel increases by 
5 about 25% or more in less than about 0.5 seconds. 
Monitoring the progress includes monitoring the 
inflation of the balloon by fluoroscopy. Monitoring 
the progress includes monitoring the change in 
pressure in the balloon. 

10 In preferred embodiments, a balloon is 

provided having a diameter substantially the same as 
that of healthy portions of the vessel. A balloon is 
provided having an axial length slightly greater than 
the axial length of the region. A balloon is provided 

15 with means for I 2 R heating of the inflation liquid. 

In many respects, the invention is conceived 
as an improvement over any prior art method of 
treating stenoses with heat that strives (solely by 
prior experiment) to predetermine a proper dose of 

20 heat and pressure to be applied. The heterogeneous 
nature of stenoses, e.g., differences between 
different stenoses and within a stenosis, generally 
prevents application of a predetermined heat treatment 
since, for some stenoses the predetermined amount is 

25 excessive, tending to damage healthy tissue, while for 
others it is insufficient, resulting in incomplete 
dilatation. 

An advantage of the invention is that 
dilatation of stenoses is made possible using a 

30 minimum amount of heat and pressure for the tissue 
under treatment, as determined by the physiological 
response of the tissue itself. This "low stress" 
approach allows effective dilation while reducing the 
risk of undesirable side effects, such as formation of 

35 detrimental cracks or fractures or thermal damage. 
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The use of such controlled heat and pressure as 
described herein reduces the amount of mechanical 
stress and disruption in the tissue being treated, 
thereby reducing the potential for post treatment 
5 restenosis and reocclusion. 

In general, the treatment procedure of the 
invention may incorporate one or more of the following 
steps, 

1. The practitioner chooses a liquid 

10 fillable, heatable balloon with an inflation diameter 
that approximates the diameter of the healthy vessel 
adjacent the occlusion (the size choice is similar to 
conventional angioplasty) . In addition, it may be 
desirable to select a balloon having a length slightly 

15 greater than the axial length of the stenosis to be 
treated, to provide a smooth transition of the treated 
region to the healthy region* 

2. The balloon is inflated to sub-dilation 
pressures before initiating heating. A typical sub- 

20 dilatation pressure is one to two atmospheres, 

however, the actual pressure will depend on factors 
such as balloon size. In any case, the pressure is 
selected such that vessel widening is not visible to 
the naked eye under normal conditions when observing 

25 the operation by fluoroscopy. Vessel widening under 
these conditions is generally less than 10% and 
usually less than 5% increase in lumen diameter. The 
low pressure inflation enables the balloon to contact 
the occlusion, with a good heat transfer relationship. 

30 3. The temperature of the balloon may be 

increased, for example, to about 60°C, but generally 
not higher than 70 °C. The increase from body 
temperature, 37 °C, occurs over about 5 to 10 seconds 
(slow compared to laser or rf heating) permits 

35 accurate control and is generally accomplished by 
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turning the heater on and allowing it to follow its 
normal heat-up curve. The exact length of time of the 
balloon heat-up is dependent upon the size of the 
balloon and heater, etc. In some cases, heating to 
5 lower temperatures, for example, 50*>c, produces 

movement of the occlusion. Full dilatation is usually 
achieved at temperatures of between 60-65 °C The 
temperature may be monitored by the heated balloon 
multiplex technique in which energy is supplied and a 
10 thermistor monitored on a time-sharing basis. 

4. The temperature may be held at about 
60-65"C for up to 60 seconds (e.g., about 10 to 15 
seconds) while the operation is monitored by 
fluoroscopy and/or by monitoring the pressure within 
15 the balloon. Within this "hold" period the lumen 
remodels to a fully dilated state where the balloon 
takes on its normal inflated shape. The use of a 
balloon filled with a liquid that is heated which in 
turn heats the tissue wall in contact with the balloon 
20 by conductive heat transfer is advantageous because 
the heating of the plaque is affected by direct 
conduction and convection (the latter allows heated 
plaque to move which allows heating of underlying 
plaque) . This enables careful control over the heat 
25 input to the tissue, the temperature at the surface of 
the tissue and the rate at which the temperature is 
raised. The operator may monitor the rate of movement 
of the tissue, for example, f luoroscopically or by 
observing pressure changes in the balloon when a 
30 constant balloon volume is maintained. Slow changes, 
which may be for example, a balloon pressure change 
from 2 atmospheres to about 1.5 atmospheres over the 
course of 2 seconds also indicates that the lumen is 
being dilated in a gradual way to avoid cracking or 
35 other deleterious effects of excess heat or pressure 
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stress. Fast changes, which may be in some cases, the 
same pressure change occurring in less than about 0.5 
seconds, are often undesirable because they indicate 
excessive stress on the lumen. In response to such a 
5 fast change, the operator can suspend heating or 
pressurizing the balloon. 

During the course of the treatment, while 
observing the effects f luoroscopically , and/or through 
monitoring the pressure in the balloon, the operator 

10 has the option of increasing or decreasing the 

temperature or pressure or the duration of treatment 
in response to the observed effects on the tissue. 
Thus, low stress temperature and pressure profiles can 
be implemented by the practitioner so that the 

15 treatment is tailored to the physical characteristics 
of the particular nature of the plaque encountered. 

5. After the vessel is fully dilated, the 
balloon heater is turned off resulting in the balloon 
temperature falling off in a gradual way allowing time 

20 for stress to be equalized. The balloon remains 

inflated during this cool down period which may last 
about 15 to 30 seconds. The balloon may also be 
cooled by circulation of a cooling liquid therein. 

6. The balloon is deflated and removed. 

25 7. The procedure, steps 1-6, may be repeated 

without removal of the balloon, although this is 
generally not necessary since the lumen after 
treatment exhibits smooth surf aces and has a diameter 
substantially the same as the healthy tissue adjacent 

30 the occluded area, both of which factors may inhibit 
reocclusion which may be either acute, resulting from 
a flap closing or clot formation; mid-term reocclusion 
in the 6 month range which can result from restenosis 
or scar tissue response; or long term reocclusion over 
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a year to 18 months later which results from failure 
to properly treat the underlying disease. 

The principle behind various aspects of the 
invention is to use the lowest possible stress to 
5 produce dilatation of a stenosed or occluded lumen, 
and to achieve this by use of a thermal balloon whose 
heating, preferably by conductive heat transfer, is 
closely controlled. Low stress is achieved by 
applying relatively low temperature to soften the 

10 plague so only relatively low pressures (1-2 atm) are 
necessary to remodel it to the desired size. The 
combination of heat and pressure is below that which 
causes significant post-operative platelet deposition. 
The type of side effects that occur when excessive 

15 stress is placed on the system include lumen responses 
such as clotting, intimal proliferation (scarring) and 
hormonal changes which cause restenosis. Longer term 
effects include the formation of aneurysms (weakening 
or thinning of the vessel wall) . 

20 Plague is a heterogeneous material, sometimes 

non-living, that varies widely and may include 
calcified, wax- like, fibrotic, and brittle components. 
Many components are polymeric in nature and for 
remodeling such a material into a desired shape, in 

25 this case, the smooth shape of healthy lumen tissue, 
the plaque may be heated as a polymer resin in an 
extruder. The heat is applied using a liquid filled 
heated balloon to provide a thermal profile which 
enables the material to shape-change on heating in 

30 allowing stress equalization. The cooling profile 
similarly is important in determining the 
characteristics of the remodeled plaque For example, 
cooling too quickly can produce a brittle material. 

In the invention, the heat is preferably 

35 applied to the tissue by conduction from the wall of 
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the balloon. The hottest part of the plaque is that 
which is in contact with the balloon surface. As the 
plaque is heated, thenno-plastic components soften 
causing, under the pressure application, an axial and 
5 radial shift in the position of the occluding 

material, filling in any unevenness and effectively 
displacing the plaque to expose new surface that is in 
turn heated and remodeled in the same way. The result 
is a lumen having smooth interior walls and a diameter 

10 approximately equal to the diameter of the lumen 
defined by the adjacent healthy tissue without 
substantial radial movement of the tissue upon which 
the occluding material was deposited. 

This improved understanding of the softening 

15 behavior of different types of plaque as discussed 
herein helps determine the optimal technique for 
choosing balloon size, temperature, time and pressure. 
By monitoring the balloon pressure decay curve as the 
vessel responds to heat, the operator can tune or 

20 "titrate" the additional time, heat and pressure 
necessary to increment these variables to the best 
result. For example, a very fast decay could indicate 
a split or crack, a medium speed would suggest a 
melting "realignment" and a slow decay would suggest a 

25 slow remodeling. If the applied pressure were removed 
and the balloon pressure rose, it would suggest the 
presence of elastic recoil. In addition, by 
monitoring this process with intravascular ultrasound 
(IVUS) from an adjacent vessel and doing a "frame by 

30 frame" replay, the melting and remodeling taking place 
may be observable. 

Other aspects and advantages are discussed in 
the following description and in the claims. 

Description of the Preferred Embodiment 

35 We first briefly describe the drawings. 
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Drawings 

Fig. 1 illustrates schematically, a balloon 
catheter system according to the invention. 

Fig. 2 is a block diagram of a system for 
5 physiologically controlled remodeling according to the 
invention. 

Fig. 3 is a balloon catheter blown up and 
cutaway to show details of the balloon. 

Figs. 4-4d illustrate dilatation of an 
10 obstructed artery. 

Figs. 5-5f illustrate balloon pressure, 
temperature, and volume for example dilatation 
procedures 1-7, according to the invention. 
Structure 

15 Specific details of the construction of a 

heated angioplasty balloon can be found in the parent 
to the present application, U.S. Serial No. 263,815, 
filed October 28, 1988, the entire contents of which 
is hereby incorporated by reference. 

20 Referring to Figs. 1 to 3, a balloon catheter 

apparatus 34 includes a nondistendable (substantially 
inelastic) inflatable balloon 8 (for example, 
polyester) at the end of a catheter shaft 10. The 
apparatus also includes a pressure source 33 with a 

25 syringe pump 2 which may be a syringe pump as 

illustrated, driven by a controllable double acting 
displacement servo motor 4 including a lead screw and 
a compression spring assembly 5. Servo motor 4 
provides rotary motion to drive lead screw 5 which 

30 translates the rotary motion into a linear motion and 
converts motor torque into a linear force. Linear 
force is applied to syringe 2 via a compression spring 
(not shown) and converts the linear force into fluid 
pressure, the syringe being filled with saline or 

35 conductive contrast medium which is communicated to 
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the catheter balloon 8. Check valve 11 prevents flow 
of fluids from the balloon catheter to the syringe 2. 
The compression spring, between the lead screw and 
syringe, increases pressure control resolution. In 
5 some embodiments, the pump is adapted to maintain a 
designated pressure and may be, for example, a spring 
fed plunger in a syringe or microprocessor controlled 
pressure regulator. For inflation, fluid passes from 
the syringe 2 through a line 25, one way check valve 

10 11 (such as a ball check valve), three way valve 12, 
pressure transducer 9 and through an inflation lumen 
within the catheter 10 that communicates with the 
interior of the balloon 8. Inflated balloon volume is 
measured by measuring the piston displacement with 

15 displacement transducer 6. Linear encoder 3 (fig. 2) 
is mechanically coupled to the syringe plunger to 
sense the position of the plunger as indication of 
balloon volume. Linear encoder 3 processes signals 
indicative of the plunger position to, for example, 

20 convert signals to the rate of volume change or 

derivative rate of volume change. Three way valve 12 
connects between the pressure transducer 9 and the 
check valve 11 and includes a port 31 which is used 
for priming and deflating the balloon with a second 

25 syringe 38. 

Referring particularly to Fig, 2, the 
apparatus has a control module 54 with a controller 71 
which controls a servo motor power supply 73 and rf 
power supply 50. A processor 70 sequences treatment 

30 events according to program algorithms coordinated 
with feedback from temperature, pressure and volume 
sensors. Keyboard 72 allows the user to enter 
treatment parameters and patient data. A display 74 
CRT, printer, strip chart recorder, is also provided. 

35 In a preferred embodiment, the controller 71 drives 
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the rf power supply 50 and servo motor power supply 73 
according to feedback from the temperature sensor in 
balloon catheter 35 (via wire 17) and pressure 
transducer 9 (via wire 15). Controller 71 is an 
5 analog feedback device that adjusts the signal to the 
power supplies according to the signal from the 
temperature sensor or the pressure sensor. The set 
point is provided to the controller by processor 
(microprocessor) 70 and the controller attains that 

10 set point based upon feedback. For example, if the 
signal from the temperature sensor (along line 17) 
shows the temperature is lower than the set point, 
controller would increase the rf power being fed to 
the thermal balloon catheter but if the temperature 

15 sensed indicates a temperature higher than the set 
point then the controller would operate in the 
opposite direction and would decrease the power being 
supplied by power supply 50. The system operates in 
similar fashion with regard to the pressure or the 

20 volume controller. The set point is provided by the 
microprocessor and the controller controls the 
direction and force applied to the servo motor to 
achieve that set point. (The balloon inflation may be 
controlled by the pressure controller or the volume 

25 controller.) Processor 70 includes the software that 
will adjust the control of both pressure and 
temperature. The pin connector of the inflatable 
catheter wiring to the console 54 includes a binary 
code to identify itself to the processor which, on the 

30 basis* of such identity, and pre-established 

specifications, determines the control parameters, 
algorithm, etc. to control the treatment. 

To use the system, the catheter is sized to, 
for example, match or oversize up to 20% (typically 

35 about 10%) , the diameter of the adjacent undiseased 
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vessel. The balloon is connected fluidly to the 
pressure transducer 9 and the syringe 2 is filled with 
either saline or conductive contrast medium or a 
combination and attached and connected (as shown) . 
5 Second syringe 38, partially filled, is attached to 
the three way valve vertical port 31- The valve 12 is 
set for communication between port 31 and the 
expandable catheter. In repetitive fashion, the 
plunger of syringe 38 is withdrawn to draw air out of 

10 the catheter 34 and then pushed forward to remove air 
from the catheter balloon and prime the lines between. 
The three way valve 12 is next adjusted to allow 
communication between port 31 and the syringe and 
check valve. The priming is repeated. This process 

15 displaces air and primes the connecting tubing for 
accurate volume measurement during operation. The 
three way valve 12 is then adjusted to allow 
communication between the syringe 2 and the deflated 
catheter 34. The balloon is positioned via guidewire 

20 to the point of treatment and pressure exerted to fill 
the balloon to a predetermined pressure low, 
subdilatation pressure dictated by the program 
algorithm or user input. The processor cycles the 
pressure and temperature according to the program 

25 algorithm. 

Referring particularly to Fig. 1, control 
module 54 includes within a servo motor power supply 
73, Em rf power supply 50, temperature control and 
detection circuit 52, pressure control and detection 

30 circuit 56 and volume detection circuit 58. The 

module 54, further includes readouts, 60, 62, 64, for 
balloon temperature, pressure and volume, 
respectively. The readouts allow the operator to 
monitor the physiological response of the tissue under 

35 treatment and tailor further treatment as required, 
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and as will be further explained below. Connecting 
lines 13, 15, 17, 19, 21, deliver signals indicative 
of volume, pressure and temperature and transport 
commands and power to the proper elements for 
5 controlling each of these parameters. Line 13, 

connects to displacement transducer 6 for monitoring 
inflation volume; line 15 connects to the pressure 
transducer 9 for monitoring pressure; line 17 connects 
to a temperature sensor 26 in balloon 8; line 19 

10 delivers power to rf heating contacts 22, 24 in the 
ballon 8; line 21 connects to the motor 4 for delivery 
of inflation fluid, and line 23 controls check valve 
11. The module 54 includes internal wiring and 
micro- processor elements as required for control of 

15 the apparatus as discussed below. 

Balloon catheter 34 includes a balloon 8 
(e.g. polyethylene terephthalate, PET) mounted on 
nylon catheter shaft 10. The fully extended diameter 
of balloon 8, when inflated, ranges from 2 millimeters 

20 for coronary vascular procedures, to 20 or 35 

millimeters for treatment of the prostate, esophagus 
or colon. The volume of the balloon ranges from 1/8 
cc for the smallest balloon to 100 cc for the largest 
balloon. The wall thickness of balloon 8 is about 

25 0.001 inch. Guidewire 46, which can extend past the 
distal end of the catheter, may be used to guide the 
catheter through the vascular system or luminal 
structure. Balloon 8 is fillable with an electrically 
conductive fluid 36 such as normal saline (0.9 percent 

3 0 NaCl in water), a conductive radiopaque fluid, or a 
mixture of saline solution and a radiopaque fluid. A 
valve (e.g., check valve, a ball check valve with a 
downstream vent) may be provided in the inflation 
fluid plumbing to avoid backf low when the balloon 

35 cools down after treatment (the backflow is caused by 
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a slight shrinking of the artery, which increases the 
pressure within the balloon) . The exterior of the 
balloon is coated with a non-stick coating having a 
low coefficient of friction, such as silicone or 
5 polysiloxane. 

Annular electrical contacts 22 and 24 inside 
of balloon 8 are bonded directly to the catheter 
shaft. The spacing between the contacts is 
approximately half the length of the balloon, and the 

10 spacing from the respective end of the balloon is 

approximately one fourth the length of the balloon, so 
that the balloon will heat evenly. The contacts 22 
and 24, connect to opposite poles of current- 
controlled (constant current) radio-frequency power 

15 supply 50 in the control module 54. The balloon also 
includes a thermistor 26 for measurements of balloon 
temperature. Wires for the contacts and thermistor 
are enclosed within catheter shaft 10 along its 
length, and exit catheter shaft 10 through a lumen, 40 

20 which is accessible from inside of balloon 8. 

Rf power supply 50 preferably operates at 650 
kilohertz, but can be at any frequency within the 
range of about 100 kilohertz to 1 megahertz* The 
fluid 36, while selected to have resistive losses, 

25 has an electrical impedance low enough that it will 
conduct the current supplied by rf power supply 50 at 
voltages of about 100 volts or lower, so that there 
will be no arcing across insulated wires 18 and 20. 
The balloon thermistor 26 connects with 

30 temperature control means 52 which includes a circuit 
that permits manual or automatic control of the 
internal balloon temperature and can preferably be 
programmed to carry out a temperature algorithm that 
varies as a function of time. As will be discussed 

35 further herein, useful programs include step programs 
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and programs allowing linear or nonlinear increase of 
temperature. Temperature display means 60 is 
responsive to the temperature control 52 and is 
preferably a CRT display or alternatively a strip 
5 chart recorder which allows monitoring of measured 
balloon temperature as a function of time. 

The pressure control means 56 allows manual 
or automatic programmed control of the pressure of 
fluid within the balloon by control of the power 

10 supply powering the servo motor. The pressure is 

monitored by the transducer positioned in an inflation 
fluid conduit, downstream from the inflation pump. 
The pressure can be viewed by the user on a display 62 
(CRT screen or a strip chart recorder) . 

15 The volume control means 58 also includes a 

circuit arranged to control the power supply of the 
servo motor to deliver fluid to the balloon. The 
balloon volume inflation thus can be controlled either 
through the pressure controller or volume controller. 

20 The volume control means 58 monitors the volume of 
fluid passed to the balloon during inflation or 
deflation (by, for example, monitoring a servo motor 
pump or the displacement of a syringe pump) . The 
volume of the balloon may be displayed graphically as 

25 a function of time on volume control means 64 (strip 
chart or CRT) . 
Operation 

Referring to Fig. 4-4d, balloon catheter 34 
is used as a heat and pressure source to, for example, 

30 dilate a blood vessel by molding the wall or an 
obstructing material (like plague) . The balloon 
volume as a function of time, during the course of the 
treatment is illustrated in the graph above each 
figure. The blood vessel may be a coronary artery, or 

35 a peripheral artery such as an iliac, femoral, renal, 
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carotid, or popliteal artery. A percutaneous 
insertion is made with a needle, and guide wire 46 is 
introduced into the blood vessel 42. Balloon catheter 
34 follows the wire 46 and is positioned at an 
5 obstruction in the artery such as a plague deposit 66 
(fig. 4). 

The balloon 8 is inflated to engage the 
plaque material 66 forming the obstruction (fig. 4a) , 
but the pressure in the balloon is kept below the 

10 normal pressure required under ambient conditions to 
widen the vessel to avoid cracking the plaque. Normal 
dilation pressure means the minimum pressure at which 
an unheated balloon causes substantial dilation of the 
respective lumen. The low, subdilatation pressure 

15 used initially to engage the plaque material may be, 
for example, about two atmospheres. In the case of 
angioplasty, normal dilation pressure is of the order 
of 5 to 10 atmospheres (varies with balloon size) . 
The balloon self-forms around the irregular surfaces 

20 of the obstruction and provides a firm contact for 

efficient and even transfer of heat. As the occlusion 
yields (by virtue of heating and gentle pressure as 
described below) , the balloon expands to maintain even 
contact with the surface and the pressure falls. The 

25 control system monitors the pressure, and temperature 
and volume of the fluid in the balloon as a function 
of time to determine various physiological conditions 
and responses to treatment, while the user may 
visually monitor the parameters. 

30 If balloon 8 contains conductive radiopaque 

fluid, the location of balloon 8 can be monitored also 
by means of fluoroscopy. Balloon 8 is inflated 
through an internal lumen of the catheter with either 
saline, a conductive radiopaque fluid, or a mixture of 

35 saline and a radiopaque fluid. The type and 
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conductivity of the ionic fluid in the balloon is 
chosen to optimize the conversion of rf energy into 
heat. (I 2 R loss, see U.S. Serial No. 263,815, 
incorporated, supra). The system is operable over 
5 typical pressures in the range of less than l to 17 
atmospheres. 

With balloon 8 inflated to a low level of 
pressure and engaging the obstruction, the user (or 
program) initiates the bi-polar heating between the 
10 electrodes 36 (e.g. by depressing a footswitch to 

start a heating program) . Heat is dissipated into the 
fluid according to the formula P=I 2 R where P is the 
power that is dissipated into the fluid, I is the 
current that is passed through the electrodes, and R 
15 is the resistance of the fluid. The heat from the 
fluid is conducted across the balloon wall into the 
surrounding tissue 44. The fluid will heat to the* 
temperature set by the user or carry out a temperature 
algorithm. The temperature at the balloon surface 
20 ranges from 45-90*C and is typically from 50 to 70°C, 
sometimes preferably, around 60°-65*>c. The higher 
temperatures in the range are used for relatively 
thick diseased areas, where heat conduction out of the 
target tissue is high or where deeper penetration or 
25 therapeutic effect is desired. Heating will continue 
as the time/ temperature algorithm dictates or until 
the operator deactivates the program. Typical 
treatments in the coronary artery take 15 to 60 
seconds including a 5 second temperature increase and 
30 ten seconds to reduce the balloon temperature prior to 
deflation and removal. 

While heating, the operator may monitor the 
condition and physiological response of the vessel 
under treatment, particularly by observing the volume 
35 and/ or pressure of the balloon. When the obstruction 
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is under certain conditions of heat and pressure, the 
heterogeneous plaque material (usually including fat, 
fibrogen, calcium) softens, resulting in a sudden 
change in the allowable volume of the balloon at a 
5 given low pressure (below the pressure needed to crack 
the obstruction) . Analogous to a thermoplastic 
material, the heat, decreases the yield stress of the 
plaque and artery under treatment to the point where 
the stress induced by the balloon exceeds the yield 

10 stress thereby causing a sudden change in balloon 
volume. The physiological response, the sudden yield 
of the obstruction, is detected by the system as a 
sudden change in the volume or pressure, or rate or 
change of volume or pressure. 

15 In fig 4b, for example, the volume of the 

balloon is shown, for example purposes, to increase 
slowly as the occluding material elastically 
(reversibly) expands with gentle heating until it 
increases suddenly upon reaching a yield point (y) at 

20 time (t y ) corresponding to the conditions of pressure 
and temperature at which the occlusion yields. 
Thereafter, the volume again increases as the 
occluding material yields plastically (substantially 
nonreversibly) • 

25 As shown in Fig. 4c, after detection of the 

yield point, the operator determines the course of 
further treatment, which may include changes in 
temperature or pressure of the balloon, to effect full 
dilatation of the artery where the continued treatment 

30 leads to full expansion of the balloon and artery at a 
time (t d ) . 

Finally, after the vessel has been fully 
dilated, the temperature of the balloon is reduced, 
while the balloon remains inflated. Recycling the 
35 temperature allows the material of the obstruction, 
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the plaque, to be mold-formed by the balloon as it 
cools and reconstitutes. The interior walls of the 
remodeled lumen are left smooth and with reduced 
chance of reocclusion. The temperature is reduced 
5 while the balloon is inflated. The balloon is 
deflated and removed from the body lumen (fig. 4d) . 

The following examples 1-7 illustrate 
possible operating procedures using a fluid delivery 
means adapted to maintain set pressures in the 

10 balloon. It is an advantage of the invention that by 
feed back of physiological response during treatment, 
the operating procedures may be tailored for the 
specific condition of each patient where, for example, 
the nature of the occluding material (composition, 

15 location, morphology) may be different. The occlusion 
may be treated using the least obtrusive pressure and 
temperature conditions to dilate the vessel in a 
manner that may discourage hyperplasia of the artery 
and reocclusion. 

20 In figs, 5-5c balloon pressure, temperature, 

and volume as a function of time are indicated for the 
Example procedures 1-6, below. The time (t A ) is the 
initial time at which the balloon is positioned at the 
obstruction and inflated to contact the obstruction 

25 (but below maximum pressure, P MX , or volume, ) . 
The time (t y ) corresponds to the time at which yield 
point of the obstruction material is reached. The 
time (t d ) is the time at which the vessel is fully 
dilated. In each of the examples, the temperature of 

30 the balloon is reduced before the balloon is deflated 
and removed at time (t f ) . It will be understood that 
the balloon temperature decrease may be programmed to 
follow a path different from the symmetrically 
opposite (recycled) path of the temperature increase, 

35 as shown in Examples 1-7. 
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EXAMPLE 1 

Referring now to fig. 5, the balloon is 
inflated and maintained at a constant pressure by a 
pressure regulator over the course of the treatment. 
5 The temperature is initially increased. The volume of 
the balloon remains substantially constant until time 
(t y ) , when the occluding material yields, and 
thereafter volume increases. The linear temperature 
program is maintained until the balloon reaches its 

10 maximum volume, at (t d ) indicating the vessel is fully 
dilated. The temperature is held constant for a short 
time and then reduced. The balloon is deflated and 
removed (As shown, as temperature is reduced, measured 
pressure increases slightly as the vessel contracts 

15 slightly, the check valve preventing fluid flow and 
therefore allowing pressure buildup.) 

EXAMPLE 2 

Referring now to fig. 5a, the balloon is 
inflated and the pressure is held constant during the 

20 course of the treatment. The temperature is increased 
until the yield (t y ) is detected and is thereafter 
held constant while the volume of the balloon expands 
to full dilatation volume (t d ) . The temperature is 
held constant for a time after full dilation of the 

25 balloon and then reduced. The balloon is deflated and 
removed. 

EXAMPLE 3 

Referring now to fig. 5b, the balloon is 
inflated, the temperature increased. The pressure is 

30 held constcmt until the yield is detected (t y ) , at 

which time the pressure is increased until the balloon 
is fully dilated (t d ) . The pressure and temperature 
are held constant for a time. The temperature is then 
reduced. The balloon is deflated and removed. 

35 EXAMPLE 4 
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Referring to fig. 5c, the balloon is inflated 
to a low pressure and the temperature is increased 
until the yield is detected (t y ) . Thereafter the 
temperature is held constant and the pressure 
5 increased until the balloon is fully dilated (t ) . 
The pressure and temperature are both held constant 
for a time and the temperature reduced. The balloon 
is deflated and removed. 

EXAMPLE 5 

10 Referring now to fig. 5d ( the balloon is 

inflated and the temperature is brought quickly to a 
temperature and held constant during the course of the 
treatment. The pressure in the balloon is increased 
until the yield is detected (t y ) . Afterwards the 

15 pressure is held constant again while the balloon 
inflates to its maximum dilatation volume (t d ) . The 
temperature is then reduced. The balloon is deflated 
and removed. 

EXAMPLE 6 

20 Referring how to Pig. 5e, the balloon is 

inflated and the temperature increased until the yield 
is detected (t y ) . The temperature is then held 
constant until the balloon is fully dilated (t d ) . The 
temperature is then increased above the yield 

25 temperature (for example, 5 degrees) and held for a 
period of time. The temperature is then reduced. The 
balloon is deflated and removed. 

EXAMPLE 7 

Referring now to fig. 5f, the balloon is 
30 inflated and, initially, the pressure held constant 
while temperature is increased until the yield is 
detected (t y ) , after which the temperature also is 
held constant. After the yield the volume is observed 
to increase until time (t g ) when the volume plateaus 
35 at a volume below the full dilatation volume. Upon 
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detection of the volume plateau, the temperature and 
pressure are both increased until a second yield is 
observed at time (t 2y ) , after which the temperature and 
pressure are held constant and the balloon expands to 
5 full inflation volume (t d ) . The temperature may be 
reduced, the balloon deflated and removed. 

Example 6 demonstrates the flexibility of 
determining treatment based on detection of 
physiological response. With the apparatus and 
10 methods described herein the device may be adjusted to 
tailor treatment based on changing conditions during 
the procedure. 
Other Embodiments 

Operation 

15 It will be understood that the invention may be 
practiced otherwise than as described herein. The 
principal of the invention is to allow the 
tissue/ lesion to respond at the lowest temperature and 
pressure necessary to perform dilatation to minimize 

20 effects such as cracking. The tissue responds 

physiologically, meaning that only when the softening 
point is reached, will the material remodel. Although 
in general a yield point is detectable as described 
above, there may be cases where a gradual dilatation 

25 occurs without an abrupt or detectable yield point 

being observed. In one other embodiment, the operator 
monitors the pressure in the balloon after inflation 
with a given volume of inflation fluid to determine 
the physiological response to treatment. For example, 

30 the balloon may be inflated with a volume of inflation 
fluid such that the balloon engages the obstruction 
but does not dilate the lumen. (A screw cranked 
syringe could be used to deliver a selected volume) . 
The obstruction is then heated and the pressure in the 

35 balloon monitored by the system. For example, the 
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operator may inflate the balloon to a sub-dilation 
level, e.g., 2 atmospheres. Next the temperature is 

increased to approximately 60C a level which is 

high enough to soften the plaque allowing remodeling 
5 at low pressure, but not so high as to desiccate or 
char the plague. At the yield point of the material, 
the expansion of the balloon is detected by the system 
as a decrease in pressure (no further inflation fluid 
is delivered). After the yield point is detected, the 

10 system provides for further treatment if desired, for 
example, introducing more inflation fluid, adjusting 
the balloon temperature, etc. Additionally, the rate 
of decrease in pressure may be monitored on a display 
device to determine the condition of the lumen and the 

15 progress of treatment. 

A further physiological response measured by 
the system could be a change in thermal 
characteristics of the tissue. This would be measured 
by change in power required to maintain a constant 

20 temperature within the balloon. A change in thermal 
characteristics may be measured by the diminution in 
power required to maintain a constant temperature 
within the balloon, because of a diminished thermal 
gradient between the balloon wall and the tissue. 

25 The power required may also be diminished by a 

reduction of blood perfusion through the tissue due to 
a coagulation of perfusion channels within. The 
changes in power required are sensed at the rf energy 
supply output, which may be fed back into the 

30 microprocessor for establishing further control. 

It will also be understood that programmed 
increases in temperature and pressure may be linear, 
nonlinear or step functions. The timing of operations 
may be keyed to the absolute volume, change in volume 

35 or rate of change of volume of the balloon. 
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Heating 

Additionally, it is believed most 
advantageous to heat the tissue primarily through 
conductive heat transfer by physically contacting the 
5 tissue with a controlled heating element (e.g. an rf 
heated balloon as described above). Plaque, tumors, 
intimal hyperplasia, diseased tissue, etc., are 
generally less vascularized, (i.e, less cooled by 
blood flow) than surrounding healthy tissue. Thermal 

10 conductive heating therefore provides higher 

specificity for heating target tissues while avoiding 
substantive heating (and damage) of healthy, 
vascularized tissue. It will be understood, however, 
that treatment with less specific heating means, such 

15 as heating by direct exposure of the tissue to 

electromagnetic radiation (heating in this case is due 
to non-specific absorption of photons by all tissue) 
or rf conduction through the tissue (which heats by 
inducing electric currents through electrically 

20 conductive tissue and blood) may be configured to take 
advantage of physiological feedback control as 
described herein. 

The chart below compares the laser, RF 
surface electrodes and direct heating modes. 

25 COMPARISON OF DIFFERENT METHODS 

OF HEATING A VESS EL WITH A BALLOON 



Laser 



balloon 



30 Heating 
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Absorption 
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The uniformity of the balloon temperature can be 
encouraged by mixing or creating a turbulence in the inflation 
fluid within the balloon* In one embodiment, this is accomplished 
by withdrawing a portion of the fluid, for example 25% of the 
5 volume, and quickly reinjecting. The reinjection can be carried 
out at a convenient time during or prior to heat treatment. 
Usually a single reinjection is sufficient to prevent temperature 
stratification of the inflation fluid, even for relatively large 
balloons of e.g., 30mm, inflation diameter. 

10 Additionally, the depth of the heating can be controlled 

by selection of balloons of different diameters. A balloon with 
an inflation diameter larger than the natural diameter of the 
lumen under treatment (the diameter without occlusion) , enhances 
mechanical contact and compresses the obstructing material. Fluid 

15 flow, such as blood flow within the compressed tissue is also 
minimized. All of these factors increase the penetration depth of 
heat into the occluding material. With proper selection, the 
heating depth may be controlled to heat treat for occluding 
material without substantially heating or damaging the underlying 

20 healthy tissue of the lumen wall. Larger balloons, giving better 
contact and higher compression increase the penetration depth. 

Uses 

The balloons, as described, can also be used for 
investigations of the morphology of occlusions. In one procedure, 

25 the balloon is positioned at the obstruction and inflated to make 
firm contact with the occlusion but the pressure is kept below 
that needed for dilation. The balloon is heated, for a period, at 
a temperature below the yield point of the material, but high 
enough to mold the balloon material around the morphological 

30 features of the occlusion. Finally, the balloon is allowed to 
cool (while inflated) and then withdrawn. Upon reinflation 
outside the body, the balloon takes a molded shape (concentric, 
eccentric, reflective of calcified or fibrous formations, etc.) 
influenced by the morphology of the occlusion, and may be studied 

35 as a three dimensional model. In another procedure, the balloon 
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is studied after dilatation as described herein. The balloon, 
after being dilated and cooled will take the shape of the artery 
post angioplasty. The topography of the artery post angioplasty 
is a useful indication and quantification of the success of the 
5 procedure. 

It will also be understood that the invention may be used 
in lumens other than those of the vascular system. For example, 
dilatation may be performed in the esophagus, prostate, GI tract, 
fallopian tube, urinary tract, biliary tree, pancreatic duct, 
10 surgically constructed anastomoses or tract accesses to organs 
(e.g. fistulas) or any lumen constricted by plaque, intimal 
hyperplasia, a tumor or other obstruction. 

In an alternative embodiment for monitoring the 
temperature of the balloon, the impedance of the saline inflation 
15 fluid may be monitored. 

Other embodiments are within the scope of the claims. 
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What is claimed is: 

1 1. A system for dilation of a body lumen, adapted for 

2 use with an expandable dilatation catheter constructed to 

3 simultaneously heat and apply pressure to the tissue of the lumen 

4 and to expand and dilate the lumen; 

5 and means constructed to detect physiological response of 

6 the heated tissue to applied pressure, said means including 

7 catheter control means responsive to the detected behavior of the 

8 tissue to control said catheter - 

1 2. The system of claim 1 wherein said means to detect 

2 physiological response is constructed to detect yielding behavior 

3 of the lumen tissue contacted by said catheter, and said catheter 

4 control means is responsive thereto. 

1 3. The system of claim 1 wherein said means to detect 

2 physiological response is constructed to detect change in the heat 

3 transfer characteristic of the tissue contacted by said catheter 

4 and said catheter control means is responsive thereto. 

1 4. The system of claim 1, 2 or 3 including means that 

2 prevents contraction of said catheter during cooling of said lumen 

3 tissue following said heating. 

1 5. The system of claim 1, 2 or 3 wherein said catheter 

2 control means includes a microprocessor and is arranged to receive 

3 feedbacks indicative of temperature and pressure applied by said 

4 catheter, said control means adapted to regulate heating and 

5 pressure applied by said catheter on the basis of said feedbacks 

6 and an algorithm implemented by said microprocessor. 

1 6. The system of claim 1, 2 or 3 including timing means 

2 constructed and arranged to provide timing of the duration of the 
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3 dilatation based upon the physiological response to said heat and 

4 applied pressure, 

1 7. The system of claim 1, 2 or 3 in combination with a 

2 catheter constructed to heat said lumen tissue by conductive heat 

3 transfer through a wall of said catheter exposed to said lumen 

4 tissue. 



1 8. The system of claim 7 wherein said catheter is a 

2 balloon catheter finable with an electrically conductive liquid 

3 and associated heating means for producing said heat comprises rf 

4 electrodes within said balloon and means to apply rf energy 

5 thereto in a manner to heat said liquid by I 2 R losses. 

1 9. The system of claim 1, 2 or 3 wherein said catheter 

2 is a fluid inflatable catheter and said catheter control means is 

3 an inflation control means. 

1 10. The system of claim 9 wherein said means to detect 

2 physiological response comprises a pressure sensor constructed and 

3 arranged to sense the fluid pressure in said catheter and detect 

4 reduction in said pressure that results due to pressure-responsive 

5 yielding behavior of the heated lumen tissue, said catheter 

6 control means responsive to said detected change in pressure, to 

7 increase the volume of inflation of said catheter. 

1 11. The system of claim 10 where said means to detect 

2 physiological response includes a volume sensor indicating change 

3 in the inflated volume of said inflatable catheter. 

1 12. The system of claim 9, 10 or 11 wherein said 

2 inflation control means includes a servo motor-driven syringe 

3 pump. 
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1 13. The system of claim 12 including a position 

2 transducer for measuring the displacement of said syringe pump, 

3 thereby to indicate the volume of said inflatable catheter, 

1 14. The system of claim 9, 10 or 11 including means that 

2 prevent deflation of said catheter during cooling of said lumen 

3 tissue following said heating. 

1 15. The system of claim 14 wherein said means to prevent 

2 deflation is a fluid check valve. 

1 16. The system of claim 9 further including means for 

2 measuring the temperature of fluid within said inflatable 

3 catheter. 

1 17. The system of claim 9 wherein said catheter control 

2 means comprises a controller constructed to receive signals 

3 indicative of the pressure or volume and the temperature of said 

4 inflatable catheter, the controller constructed to control said 

5 inflation and temperature in response to said signals, for further 

6 treatment. 

1 18. The system of claim 1, 2 or 3 further including 

2 display means to provide a read-out indicative of the 

3 physiological response of said tissue under treatment. 

1 19. The system of claim 18 wherein said read-out 

2 indicates pressure applied by said catheter, heating by said 

3 catheter and volume of said catheter. 

1 20. A system for dilation of a body lumen comprising: 

2 an inflatable dilatation ballon catheter and associated 

3 heating means arranged to simultaneously apply heat via conductive 

4 heat transfer from said balloon to lumen tissue and pressure to 

5 said tissue, 
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6 and means constructed to detect physiological response of 

7 the heated tissue to applied pressure, said means including 

8 catheter control means responsive to the detected behavior of the 

9 tissue to control said catheter. 

1 21. The system of claim 20 wherein said catheter control 

2 means is adapted to increase the inflation of said balloon in 

3 reaction to detected yielding behavior of the lumen tissue 

4 contacted by said catheter. 

1 22. The system of claim 20 or 21 wherein said means to 

2 detect physiological response is constructed to detect change in 

3 the heat transfer characteristic of said lumen tissue and to 

4 reduce the heating on the basis of such detected change. 

1 23. The system of claim 20, 21 or 22 wherein said 

2 catheter control means comprises a controller under control of a 

3 programmed microprocessor. 

1 24. The system of claim 23 wherein said program of said 

2 microprocessor is adapted to increase an inflation set point of an 

3 inflation pressure controller in reaction to feedback from said 

4 catheter indicating yielding behavior of the heated lumen tissue. 

1 25. The system of claim 23 wherein the microprocessor is 

2 programmed to produce heating of lumen tissue at a pressure below 

3 normal dilatation pressure. 

1 26. A method for dilation of a body lumen employing a 

2 system comprising the combination of an expandable dilatation 

3 catheter constructed to simultaneously heat and apply pressure to 

4 the tissue of the lumen and to expand and dilate the lumen; 

5 and means constructed to detect physiological response of 

6 the heated tissue to applied pressure, said means including 
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7 catheter control means responsive to the detected behavior of the 

8 tissue to control said catheter. 

1 27. The method of claim 26 wherein said means to detect 

2 physiological response is constructed to detect yielding behavior 

3 of the lumen tissue constructed by said catheter, and said 

4 catheter control means is responsive thereto. 

1 28. The method of claim 25 wherein said means to detect 

2 physiological response is constructed to detect change in the heat 

3 transfer characteristic of the tissue contacted by said catheter 

4 and said catheter control means is responsive thereto. 

1 29. The method of claim 26, 27 or 28 wherein said 

2 dilation is employed to remodel a lumen. 

1 30. The method of claim 26, 27 or 28 wherein said 

2 dilatation is employed for angioplasty. 

1 31. The method of claim 26, 27 or 28 including 

2 terminating a step of said procedure after a measured period from 

3 the time of detection of a physiological response. 

1 32. The method of claim 26, 27 or 28 employing timing 

2 means constructed and arranged to provide timing of the duration 

3 of the dilatation based upon the physiological response to said 

4 heat and applied pressure. 

1 33. The method of claim 26, 27 or 28 wherein the initial 

2 temperature of heating is between about 50°C and 70°C. 

1 34. The method of claim 26, 27 or 28 wherein said 

2 catheter is a balloon catheter filled with liquid and the wall of 

3 said lumen is heated by heating the liquid, with heat transfer by 

4 conduction from said liquid across the wall thickness of the 
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5 balloon to the tissue of the wall with which said balloon is 

6 engaged. 

1 35. The method of claim 34, wherein the liquid within 

2 said balloon is electrically conductive and said liquid is heated 

3 by l 2 R losses as a result of radio frequency electric currents 

4 applied to said liquid, 

1 36. A method of angioplasty, comprising: 

2 providing a catheter having a liquid-expansible 

3 dilatation balloon and means for controllably providing 

4 heated liquid within the balloon to enable conductive 

5 heat transfer from the heated liquid, through the wall of 

6 the balloon, 

7 inserting the catheter into a region of a blood 

8 vessel narrowed by plaque or stenotic tissue, 

9 inflating said balloon to an initial subdilatation 

10 pressure sufficient to cause the balloon to engage the 

11 wall surface of the narrowed vessel in a conductive heat 

12 transfer relationship without substantially displacing 

13 the wall of the vessel, 

14 increasing the temperature of the engaged vessel 

15 wall by conductive heat transfer from heated liquid 

16 within the balloon while controlling the inflating 

17 pressure, the temperature of said liquid within said 

18 balloon and the duration of treatment to cause a 

19 physiological response in which the heated wall of the 

20 vessel yields to said pressure of said dilitation balloon 

21 as a result of softening of the wall produced by said 

22 conductive heat transfer, 

23 thereby enabling dilatation of said vessel occur 

24 under relatively low stress conditions. 

1 37. in the method of claim 36, controlling the 

2 pressure in said balloon to about 2 atmospheres or less. 
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1 38. In the method of claim 37 is maintaining said 

2 temperature in the range of about 60° to 65 °C. 

1 39. In the method of claim 36 initially 

2 maintaining said subdilatation pressure such that the 

3 flow of blood through the vessel is substantially blocked 

4 without widening the vessel visibly to the naked eye when 

5 observing said vessel by fluoroscopy. 

1 40. In the method of claim 36 initially 

2 maintaining said subdilatation pressure such that the 

3 vessel does not widen by more than about 10%. 

1 41. In the method of claim 36, after dilatation 

2 of said vessel, maintaining inflation of said balloon 

3 while reducing the temperature of said balloon* 

l 42. In the method of claim 36, increasing the 



2 balloon temperature to a final temperature between 50 °C 

3 and 70 °C within about 10 to 15 seconds of said inflation 

4 to said subdilatation pressure, and holding said final 

5 temperature for a period up to about 60 seconds, and, 

6 thereafter reducing said balloon temperature while 

7 maintaining said inflation by terminating said heating of 

8 said fluid and allowing said balloon to cool for about 15 

9 to 30 seconds. 



1 43. In the method of claim 36 controlling the 

2 inflating pressure to prevent said pressure from 

3 exceeding said initial subdilatation pressure. 

1 44. The method of claim 36 further comprising 

2 monitoring the progress of said angioplasty, and 

3 controlling the temperature, pressure or duration of 
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4 treatment in response to the rate of change in the 

5 diameter of said vessel. 

1 45. The method of claim 44 further comprising 

2 reducing the pressure, temperature of said balloon or 

3 duration of treatment if a rapid change in the diameter 

4 of said vessel indicative of cracking of the substance of 

5 said vessel wall occurs. 



1 46. The method of claim 45 further comprising 

2 reducing the pressure, temperature or duration of 

3 treatment if the diameter of said vessel increases by 

4 about 25% or more in less than about 0.5 seconds. 



1 47. In the method of any one of claim 44 to 46, 

2 monitoring said progress by fluoroscopy. 

1 48. In the method of any one of claims 44 to 46 

2 monitoring said progress by monitoring the change in 

3 pressure in said balloon. 



1 49. The method of 

2 provided having a diameter 

3 of healthy portions of the 



claim 36 in which a balloon is 
substantially the same as that 
vessel . 



1 50. The method of claim 36 or 49 a balloon is 

2 provided having an axial length slightly greater than the 

3 axial length of said region. 



1 
2 
3 



51. The method of claim 36 in which the 
inflatable balloon is provided with means for I 2 R heating 
of said inflation liquid. 
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